ABSTRACT Currently there are several neonicotinoid insecticide seed treatments registered for use on soybean (Glycine max L.), with disparity in adoption rates in the eastern United States. A complex of seedling insect pests is found in mid-south soybean, but thrips are the primary early season pest of soybean in Virginia and North Carolina. Published knowledge regarding their impact on soybean yield is minimal, as is the impact of thrips on soybean yield; thrips species composition is also understudied. In 2008 through 2010, nine Þeld experiments in Virginia and North Carolina were conducted to evaluate the impact on thrips population dynamics; the inßuence on yield of neonicotinoid seed treatments, imidacloprid and thiamethoxam, was reported from nine of these experiments. Moreover, thrips species abundance was recorded in three of these experiments. Both imidacloprid and thiamethoxam reduced thrips densities compared with untreated soybean. Thiamethoxam was more effective than imidacloprid in reducing adult thrips densities at 5 wk after planting. Adult densities peaked at 3 wk after planting, followed by larval densities, which peaked at 4 wk after planting. The most abundant thrips species was Frankliniella fusca (Hinds), followed by Neohydatothrips variabilis (Beach). Other common species included F. occidentalis (Pergande) and F. tritici (Fitch). In general, F. fusca was more common earlier in the season, while N. variabilis was more common later in the season. There were no signiÞcant differences in yield among any of the treatments or in the untreated controls. Although neonicotinoid insecticides reduced thrips abundance, data collected in these studies demonstrated that there was no positive yield response.
Several neonicotinoid insecticide seed treatments are currently labeled for use in soybean (Glycine max L.). There is a large disparity in adoption rates by growers in the eastern United States, with wide adoption in the mid-south (e.g., 15, 65, 80, 75 , and 45% of acres planted with a seed treatment in Alabama, Arkansas, Louisiana, Mississippi, and Tennessee, respectively), in contrast to lower rates in the Southeast/mid-Atlantic (e.g., 0 and 10% of acres planted with an insecticidal seed treatment in North Carolina and Virginia, respectively) (Musser et al. 2011) . These compounds can be taken up by the roots and distributed systemically throughout the plant. They act as nicotinic acetylcholine receptor agonists against sucking and chewing insects (e.g., thrips and bean leaf beetle, respectively) and have long-lasting residual activity (MaienÞsch et al. 2001 ). In the mid-South, these seed treatments are targeted at a wide variety of seedling pests, including bean leaf beetle (Cerotoma trifurcata Forster), grape colaspis (Colaspis brunnea F.), threecornered alfalfa hopper (Spissistilus festinus Say), and thrips (Davis et al. , 2010 .
Thrips are an early season pest of soybean. Although yield loss because of thrips on soybean has been reported as "little" (Huckaba et al. 1988 ) and "uncommon" (Mueller 1994) , yield loss directly attributable to thrips has not been published to date (Viteri et al. 2010) . Thrips can injure soybean leaves by piercing cell walls with their stylet and feeding on cell contents. Silvering appears on the leaf as a result of the dead cells (Mueller 1994 ) Þlled with air. Few studies detail thrips species composition on soybean and little is known about the pattern of host colonization, population development, and plant response to feeding. Phytophagous thrips species recorded on soybean in the United States include Neohydatothrips (Sericothrips) variabilis (Beach), Frankliniella fusca (Hinds), F. occidentalis (Pergande), and F. tritici (Fitch) (Irwin et al. 1979; Chamberlin et al. 1992; Davis et al. , 2010 . In Illinois, Kentucky, and Missouri, F. tritici population abundances climax earlier than N. variabilis. Furthermore, N. variabilis adult densities were greatest at 4 Ð5 wk after soybean planting, while larval densities were greatest 6 wk after planting (Irwin et al. 1979) . In the lower latitudes of North Carolina, one study found that adult population densities peaked at 3Ð5 wk after planting, while those for larval thrips peaked at 4 Ð5 wk after planting (Huckaba et al. 1988) .
Very little data have been published regarding the impact of insecticidal seed treatments, despite their widespread use in the mid-South. These experiments were designed to gain a better understanding of the relationship between thrips injury and soybean yield, using insecticide seed treatments to reduce thrips abundance. Information on the composition of thrips species and pattern of colonization on soybean over time is scarce. Therefore, these experiments also sought to enhance this state of knowledge by comparing the thrips species composition over time in the untreated plots of several experiments.
Materials and Methods
Treatments in each experiment included thiamethoxam-treated seed, imidacloprid-treated seed, and untreated seed (Table 1) . In all experiments, thiamethoxam (Crusier 5FS, Syngenta Crop Protection, Greensboro, NC) was applied at 22.7 g active ingredient(AI)/100 kg seed. Thiamethoxam treatments in 2010 also included ßudioxonil (Maxim 4FS at 2.5 g AI/100 kg seed) and mefenoxam (Apron XL at 3.1 g AI/100 kg seed), Syngenta Crop Protection, Greensboro, NC. All imidacloprid (Gaucho 600, Gaucho Grande, or Gaucho 600FS, Bayer CropScience, Research Triangle Park, NC) was applied at 28.3 g AI/100 kg seed. Gaucho 600FS seed was also treated with trißoxystrobin (Trilex at 0.08 g AI/100 kg seed), metalaxyl (Allegiance-FL at 7 g AI/100 kg seed), and Bacillus pumilus GB34 (Yield Shield at 2.8 ϫ 10 12 CFU AI/100 kg seed). There were three to eight replications in each experiment; all were randomized complete block designs. Soybeans were maintained following recommended state cooperative extension guidelines, which included routine herbicide applications and midseason foliar insecticide sprays during the soybean reproductive stages to reduce insect pest species abundance not related to this research.
Total thrips abundances (adults identiÞed to species in the control plots of three experiments) were sampled from seven experiments by clipping plants or the uppermost fully expanded trifoliates at the base and immediately immersing the plant material in a soapy water solution (Table 1 ). In Virginia, thrips were separated from the soapy water using vacuum Þltration onto 9-cm white Þlter paper with grid lines. In North Carolina, a modiÞed washing technique (Reisig and Godfrey 2006) was used to dislodge the thrips from the plants and to backwash them from screens into alcohol for later quantiÞcation. The modiÞcation to the method was that bleach was not used in the washing solution. Trifoliates were used when plants reached the fourth leaf stage and were too big to be effectively washed ( Soybeans, from rows in which plants had not been clipped to assess thrips density, were harvested using a variety of small-plot research harvesters equipped with yield monitors. Bushels per hectare were calculated based on the area harvested and adjusted for moisture.
Thrips density data were analyzed using a generalized linear mixed models approach (PROC GLIMMIX, SAS Institute 2008). There were three experiments in which thrips abundance was only measured in the untreated plots (Table 1) . These were not included in the analysis. Because plant phenological data were not recorded and because the number, unit and frequency of sampling differed across experiments, thrips abundance was not analyzed using repeated measures. Rather, models were constructed to compare the density of thrips at each week after planting. In each model, the dependent variable was thrips density at each week of sampling. Four models were analyzed for adult abundance sampled on the wholeplant or uppermost fully expanded trifoliate-per-plant level at 2, 3, 4, and 5 wk after planting. Samples taken on a date that was between weeks were considered to be the next week after planting. For example, a sample taken 11 d after planting was considered as a sample taken 2 wk after planting and a sample taken 18 d after planting was considered as a sample taken 3 wk after planting. Similar models were analyzed for larval thrips. Densities from the Þfth week after planting could not be directly compared because uppermost trifoliates were sampled, rather than whole plants. Hence, relative larval thrips densities were compared.
The number of experiments with thrips density data at each week of sampling ranged from two to four. The Þxed independent variable in each model was treatment, while the interaction of the block and experiment was included as a random factor. A Poisson distribution was found to be the best Þt for the models, but the data were over-dispersed (Littell et al. 2006) . Models with different random factors were compared using information criterion and the Generalized ChiSquared statistic with its degrees of freedom. Hence, the random statement was revised to include the experiment as a random factor and an overdispersion parameter (RANDOM_RESIDUAL_), while the Þxed factors remained static. Mean separations were analyzed for statistical signiÞcance using TukeyÕs honestly signiÞcant differences (HSD) test.
To test the hypothesis that densities of thrips species varied over time, four thrips species (F. fusca, F. occidentalis, F. tritici, and N. variabilis) were analyzed for differences by species over time and among experiments, from only the untreated controls, by using a general linear mixed models approach (PROC MIXED, SAS Institute 2008). Weeks sampled were calculated as detailed for the thrips abundance data. Fixed effects included the experiment (2009 at King William County, VA, and in 2009 and 2010 at Suffolk, VA), the week sampled within the experiment, species, the interaction of species with the experiment, and the interaction of species and the week sampled within the experiment. Random factors were the block within the experiment and the interaction of block with the week sampled within the experiment. The repeated subject was speciÞed as the interaction of block with the week sampled, the experiment, and the species. The covariance was speciÞed as unstructured. The model was Þt for heterogeneous variances in the experiment factor using the REPEATED statement with the GROUP ϭ option. Mean separations were analyzed for signiÞcance using TukeyÕs HSD and were requested using the SLICE ϭ function within the LSMEANS function. This model was chosen from others based on AkaikeÕs Information Criterion (Akaike 1973) and by analyzing the conditional Pearson residuals.
Yield data from eight experiments were analyzed using a general linear mixed models approach (PROC MIXED, SAS Institute 2008). Yield data were not analyzed from King William Co., VA, in 2009 because this was established as a demonstration plot at a statewide agricultural meeting. Fixed factors included the dependent variable of bushels per hectare and the independent variable of treatment, experiment, and their interaction. Both replication within experiment and the interaction of this factor with the treatment were included as random factors. The model was Þt for heterogeneous variances in the experiment factor using the REPEATED statement with the GROUP ϭ option. Normality was addressed using a logarithmic transformation. Mean separations were analyzed for statistical signiÞcance using TukeyÕs HSD. Values were considered signiÞcantly different for all analyses when ␣ Ͻ 0.05.
Results
Four weeks after planting, larval thrips density was at its peak ( Fig. 1) . Larval thrips densities were higher in untreated plots compared with both insecticide seed treatments at four (F ϭ 63.97; df ϭ 2, 41.67; P Ͻ 0.0001) and 3 wk after planting (F ϭ 11.34; df ϭ 2, 31.05; P ϭ 0.0002). Among experiments at 4 wk after planting, mean larval thrips numbers recorded per sample across treatments ranged from 24 Ð1.8 in thiamethoxam-treated soybean, 34 Ð 0.2 in imidaclopridtreated soybean, and 58.2Ð1.7 in untreated soybean. The highest thrips densities were recorded in 2010 in North Carolina. The lowest were recorded in King William County, VA, during 2009. Adult thrips densities were signiÞcantly higher in untreated plots 3 wk after planting (F ϭ 8.95; df ϭ 2, 42.15; P ϭ 0.0006). Three weeks after planting, adult thrips density was at its zenith among all tests (Fig. 1) . At 3 wk after planting, mean adult thrips numbers recorded per sample across treatments ranged from 2.2Ð0.7 in thiamethoxam-treated soybean, 4.1 adults per sample to 0.2 adults per sample on imidacloprid-treated soybean, and 7.8Ð0.3 adults per sample on untreated soybean. The highest thrips densities were recorded during 2010 at North Carolina and the lowest were recorded during 2009 in Virginia. Five weeks after treatment, adult densities on imidacloprid-treated and untreated soybean were signiÞcantly higher than thiamethoxam treated soybean (F ϭ 8.9; df ϭ 2, 31.02; P ϭ 0.0009).
In 2009, adult F. fusca, F. occidentalis, F. tritici, and N. variabilis were identiÞed as the major thrips species present (Fig. 2) . In general, only a small percentage of unclassiÞed species were present (9% 3 wk after planting at Suffolk, VA, and at King William County, VA; 3, 5, and 8% per sample at 3, 4, and 5 wk after planting, respectively). The interaction of species with week sampled within experiment was signiÞcant (F ϭ 3.31; df ϭ 18, 57.5; P ϭ 0.0003). The interaction of species and experiment was not signiÞcant (F ϭ 1.76; df ϭ 6, 52.2; P ϭ 0.13), but thrips numbers were signiÞcantly different among experiments (F ϭ 3.51; df ϭ 2, 65.5; P ϭ 0.04). F. fusca adult densities were signiÞcantly higher 2 wk after planting than were F. occidentalis, F. tritici, and N. variabilis densities at Suffolk, VA, 2009 and F. occidentalis densities at Suffolk, VA, in 2010 (Fig. 2) . Additionally, there were more adult N. variabilis at King William County, VA, in 2009 at 5 wk after planting than F. occidentalis or F. tritici.
Mean yields were different among experiments (F ϭ 153.47; df ϭ 7, 23.7; P Ͻ 0.0001), but not among the interaction of treatment and experiment (F ϭ 0.63; df ϭ 14, 27.3; P ϭ 0.82) or treatment (Table 2 ; F ϭ 0.05; df ϭ 2, 15.6; P ϭ 0.95).
Discussion
Neonicotinoid seed treatments included in these experiments reduced larval thrips abundance when they were at their highest levels, 3 and 4 wk after planting and thiamethoxam reduced adult thrips abundance 3 wk after planting. However, there were no signiÞcant differences in yield among any treatments. This contrasts with the value of seed treatments in cotton (Gossypium hirsutum L.) in these areas, where an imidacloprid seed treatment can double yield (Herbert 1998 , Van Duyn et al. 1998 ). Because of its economic status, the interaction between thrips and cotton is better understood than that between thrips and soybean. Therefore, the cotton-thrips sys- tem may provide an excellent contrast to the soybeanthrips system.
Thiamethoxam was more effective than imidacloprid in reducing adult thrips density, an effect that contrasts with previous observations in avocado (Coutts and Jones 2005, Byrne et al. 2007 ). In avocados, the persistence of imidacloprid was attributed to the equable uptake of this chemical in volume over time, compared with the rapid initial uptake and reduction in thiamethoxam titer (Byrne et al. 2007 ). However, in the avocado experiments, the decreased efÞcacy of thiamethoxam was only seen at 4 wk after the insecticide application. In the experiments presented here, adult thrips densities were only lower in thiamethoxam-treated plots at 5 wk after planting. As a result, in soybean, thiamethoxam may have been a superior treatment compared with imidacloprid because it was taken up more rapidly by the plant, which initial reduced the density of colonizing adult thrips, translating into a signiÞcant effect on adult numbers by 5 wk after planting.
Adult thrips densities peaked at 3 wk after planting, while larval thrips densities peaked 4 wk after planting. The observed population dynamics fall within the range of a previous North Carolina study (Huckaba et al. 1988 ). In general, many more larvae were found on the plant than adults. It is likely that most of the larvae measured at 4 wk after planting resulted from development as a result of eggs laid by colonizing adults on the plants. When cotton was planted in early May in North Carolina, larval populations peaked at 1 wk before adult populations (generally at 3 to 4 wk after planting) (Van Duyn et al. 1998) . However, there were no measurements taken at 2 wk after planting. Adults feasibly colonized cotton 2 wk after planting in the previous experiments, with larval densities peaking at 3 to 4 wk after planting. Cotton planted in late-April in Georgia had a peak of adult thrips 2 wk after planting followed by a peak of larvae 3 wk after planting. Adult population densities decreased greatly at 3 and 4 wk after planting (Roberts et al. 2009 ). In May-planted cotton in Texas, adults colonized plants the week after emergence, and larval populations peaked at 3 to 4 wk after planting (Parajulee et al. 2006) . Soybeans in the experiments reported here were planted on dates ranging from 20 May to 4 June. As a result, the pattern of thrips colonization and larval development on soybean might have been different if they were planted earlier. However, the differences in larval and adult thrips population dynamics between the soybean and cotton experiments could be a function of regional differences, planting dates, thrips species composition, physiological or morphological host differences, or some other factor.
Similar to cotton (Faircloth et al. 2001) , the most common thrips species found in these experiments was F. fusca, with few F. occidentalis found. F. tritici was also part of the species complex, but at low abundances. N. variabilis was the second most common species documented and was most common later in the season, while F. fusca was more common earlier in the season. This pattern in change of species composition over time mirrors previous observations (Irwin et al. 1979) ; however, F. tritici was the dominant Frankliniella species observed in the previous study in contrast to the dominance of F. fusca observed in the present studies. As mentioned earlier, the difference in planting dates between cotton and soybean may have inßuenced species composition, although host range is likely important, as N. variabilis feeds chießy on legumes (Reed et al. 2006) . A single T. tabaci was found at both 3 and 4 wk after planting in 2010. This represented only a fraction of the species present and has not been commonly reported on soybean in the literature. As a result, its presence was likely incidental in occurrence. Although this species was not identiÞed in 2009, it could represent the few thrips listed as "unclassiÞed" species.
In cotton, thrips feeding is concentrated on the terminal bud, which contains the meristematic growing point. This can have negative direct and indirect effects on plant maturity and structure, including root development (Roberts et al. 2009 ). Although feeding location preference was beyond the ambit of this study, in soybean, thrips may prefer to feed on open leaßets and along the veins of unfurled leaves. It is possible that injury on unfurled soybean leaves allow the plant to compensate, because the stress is spread out over a larger surface area, in contrast to cotton. During the vegetative growth stages, soybean yield is largely unaffected even when 33Ð53% of the foliage is lost (Thomas et al. 1974 ). Compensation to thrips injury could come in the form of new leaßets before the reproductive stages. However, this should be objectively conÞrmed by future study.
The experiments presented here embodied a range of ecological conditions and levels of thrips abundance. In contrast to the mid-South, where a variety of insects pests are present in seedling soybean, the predominant insect pest of Virginia and North Carolina soybean seedlings is thrips. Although neonicotinoid seed treatments effectively reduced thrips density, they did not affect yield. The presence of other seedling insect pests may justify the continued use of Experiments intended to demonstrate the impact of neonicotinoid insecticide seed treatments on early season insect pests and soybean yield. In all experiments, thrips were the only signiÞcantly quantiÞable arthropod present. Mean yields were different among experiments (location) (F ϭ 153.47; df ϭ 7, 23.7; P Ͻ 0.0001), but not among the interaction of treatment (imidacloprid, thiamethoxam, and check) and exp (F ϭ 0.63; df ϭ 14, 27.3; P ϭ 0.82), or treatment (Table 2 ; F ϭ 0.05; df ϭ 2, 15.6; P ϭ 0.95).
neonicotinoid soybean seed treatments in the midSouth. However in Virginia and North Carolina, with the exception of isolated areas where production practices may result in pressure by a different or exacerbated pest complex, they do not appear to provide any yield advantage under what would be considered normal early season insect pest pressure conditions.
